opposing views, and the mechanisms controlling the carbon isotopic composition are not clear. Skrzypek et al. (2007b Skrzypek et al. ( , 2010 reported that a 1∞C increase in air temperature corresponded to a decrease of 1.6 or 0.5‰ in the d 13 C in Sphagnum, but Holzkämper et al. (2012) reported a positive correlation between summer temperature and d 13 C in this genus. Although Skrzypek et al. (2007b) reported from field observation that humidity appears to have no clear influence on the carbon isotope composition, however it is widely considered that water availability does have an influential role. For instance, a lateglacial shift in d 13 C in Sphagnum moss was attributed to hydrological changes rather than temperature by Jones et al. (2010) . Additionally, a significant positive correlation was found between Sphagnum d
13 C values and their surface moisture gradients, from field observations by Julie et al. (2009) , while Ménot and Burns (2001) concluded from field observation that d 13 C of Sphagnum is most likely controlled by CO 2 partial pressure and other factors, such as humidity and cell water content, but not by altitude.
In summary, problems remain in the interpretation of carbon isotope data of Sphagnum moss, due to the effect of temperature, which appears to affect the isotopic values positively and negatively, depending on geophysical conditions. In temperate areas, some bogs and fens acCarbon isotopes in Sphagnum from Kyushu, Japan, and their relationship with local climate SAKI YASUDA, SEIGO OOKI, HIROSHI NARAOKA and TASUKU AKAGI* Department of Earth and Planetary Sciences, Faculty of Sciences, 33 Kyushu University, 6-10-1 Hakozaki, Higashi-ku, Fukuoka 812-8581, Japan (Received November 1, 2014; Accepted May 31, 2015) d 13 C was measured in two species of Sphagnum moss (Sphagnum palustre and Sphagnum fimbriatum), collected from the Genseinuma-fen in Unzen, Northern Kyushu in March, 2010. From examination of several specimens of the two species near the sampling site, the growth rates were determined to be sufficiently high to allow interpretation of annual d 13 C variation through comparison with locally recorded climatic information. The d 13 C values of different organs (stems and branches) and components (bulk and cellulose) exhibit consistent variations, although the differences between them appear to be species-specific. Both species, but in particular S. palustre, exhibited smooth increases in d 13 C towards the central part of the sample length (total 16-17 cm), corresponding to approximately half a year's of growth. Temperature is considered to be the primary factor affecting the d
13 C values of both species, with the observed d 13 C maximum corresponding to the summer of the previous year. However, the positions of the peaks in branches and stems differed by 2 or 3 cm, reflecting the fact that stem growth was preceded by branch growth. Considering the relationship between d 13 C and temperature, a rise of 1‰ in d 13 C is seen to correspond to a rise of 14∞C and 10∞C for S. palustre and S. fimbriatum, respectively.
INTRODUCTION
Sphagnum is a genus of moss that mainly inhabits high latitudinal regions. Some bogs have accumulated peat for more than 10,000 years, because the decomposition rate of peat is slow under the prevailing cold and water-logged conditions. Thus, the carbon isotope variation in peat bogs may record past climatic information, such as the atmospheric CO 2 concentration, temperature, water content and light levels (White et al., 1994) . In contrast, the carbon isotope ratio of vascular plants is affected primarily by stomatal openings (Farquhar et al., 1982) . In the case of Sphagnum with absence of stomata, water availability and temperature seem to be the most influential factors, affecting their carbon isotope variation. The presence of thin water films on the surface of the moss limits the diffusion of CO 2 and decreases the isotopic fractionation (Rice and Giles, 1996) . Additionally, physiological studies (Rice and Giles, 1996; Price et al., 1997) provide theoretical support for the relationship between water availability and carbon isotope fractionation. Considering the effect of temperature, however, there are currently two cumulated over more than for 8000 years, with significant variation in carbon isotope values within a column (Akagi et al., 2004) . In order to correctly interpret such variation, it will be necessary to understand and explain the effect of temperature on the carbon isotopic composition of Sphagnum in such temperate regions.
In this study, we determine the d 13 C values of 1-cm sections of individual Sphagnum samples from a fen in Northern Kyushu, Japan. Owing to the fact that there is a meteoric observation station located near the fen and the growth rate of Sphagnum is expected to be relatively high in this temperate region, we hope to identify the climatic influences on Sphagnum d
13 C values through comparison of isotopic and climatic data.
METHOD

Site and samples
Samples were collected from the Gensei-numa fen, Unzen, on March 5, 2010. The Unzen meteorological observation station is located 470 m southeast of the fen on the same side of Mount Unzen (Fig. 1) at a similar elevation (Gensei-numa fen is at 680 m and the meteorological station is at 690 m above sea level). The mean temperature reported by the station over the last 15 years is 13.1∞C, while the monthly mean temperature ranged between around 2.5∞C and 23∞C in 2009 and 2010 (http:/ /www.jma.go.jp/jma/index.html). We collected some samples of Sphagnum fimbriatum (Sf) and Sphagnum palustre (Sp). Two or three individuals of each Sphagnum species were handpicked in situ. Individual specimens longer than 17 cm could not be collected, because they were too fragile. The longest specimen of each species was sectioned every 1 cm, before being separated further into stems and branches, and was dried for 24 hours. The subsamples were ground into a powder for further treatment.
Growth rate analysis
Growth rates were measured by tagging a number of individual samples of Sf and Sp samples near the sampling site with thin plastic strings with numbered plates, tied at 5 cm beneath the capitula; this was carried out on four dates: September 5, 2013; October 9, 2013; January 9, 2014; and April 26, 2014 . After a certain period the distance between the capitulum and the tagged position was measured to determine the growth rate during that period; this was done on four corresponding dates: October 9, 2013; January 9, 2014; April 26, 2014; September 22, 2014. On each measurement date, new specimens were tagged to minimize any possible influence of the tagging process.
Sample treatment and isotopic analyses
The method of separating the cellulose component was performed after Ooki et al. (2011) , in which the entire procedure has been thoroughly discussed with respect to possible errors caused by component crossover. The waxes and oils were removed from the powdered Sphagnum by soxhlet extraction with a solvent mixture of benzene (50 ml) and ethanol (25 ml), for six hours. The samples were then dried in an oven at 70∞C for 24 hours. Cellulose was separated from the deoiled samples of typi- cally 1 mg by treating each sample with 45 ml of water, 0.3 g of sodium chloride and 0.06 ml of acetic acid at 80∞C for five hours, replenishing the water, salt, and acid every hour. The cellulose residue was collected on a glass filter, washed with water, and then dried (Ooki et al., 2011) .
For isotopic analysis, 80-170 mg of the bulk dried sample and cellulose were analyzed for d 13 C by an Element Analysis-Isotope Ratio Mass Spectrometer (EA-IRMS; Delta-S, Thermo Electron) using the acetanilide laboratory standard calibrated against NBS19 limestone. The graphite laboratory standard, whose isotopic value was determined against NBS21 graphite, was also analyzed every three samples for normalization. The reproducibility of the measurement was typically less than 0.2‰.
RESULTS AND DISCUSSION
Growth rate of samples
The results of the growth rate measurements are shown in Fig. 2 , along with observed monthly mean temperatures. There is significant variation in growth rate between individual samples of each species, with estimated growth of are 7.4 ± 6.4 cm and 19 ± 6 cm for Sp and Sf, respectively. Additionally, growth rates for both species were much higher during the summer than the other three seasons. Comparing the growth and temperature in September (Fig. 2) , it can be seen that the growth of Sf is more strongly linked to higher temperatures than that of Sp. Overall, it is considered likely that the sample lengths of both species correspond to growth over one or two years.
Considering previous studies, although the temperature dependence of growth rate for the two studied species has not been reported, increases in growth rate of two to 20 times for four Sphagnum species was observed in response to temperature increasing from 11.2 to 21.4∞C (Breeuwer et al., 2008) . The annual growth of Sf was reported to be around 4-4.5 cm in Siikajoki, Finland (64∞45¢ N, 24∞42¢ E), where the annual average temperature is 3.8∞C and summer temperatures are 11.4∞C on average (Laine et al., 2011) . Growth rate for Sp of 2.2 cm/yr were reported for the Hani Peatland in the Changbai Mountains of northeast China (42∞13¢ N, 126∞31¢ E), where the monthly mean temperature ranges between -16 and 23∞C (Bu et al., 2011) . The monthly average temperature of our studied site ranges from 2.5 to 23∞C with an annual mean of 13.1∞C, and therefore, the much greater growth rate than those previously reported for both species is not surprising.
It is worth noting that we attempted to collect samples as long as possible, with the expectation of capturing the maximum amount of time. However, collection of such long samples proved difficult, and the two longest samples were just 17 cm in length. As discussed later, it is likely that even these two long samples correspond to only one year of growth. Under temperate conditions, the Sphagnum tissues may not survive two summers without decaying, and therefore longest samples may simply represent the fastest growing specimens.
Results of d
13 C measurement The results of the d 13 C measurement are listed in Ta- In both species, significant positive correlations were observed between bulk and cellulose components in the branches (Sp r = 0.81, p < 0.01; Sf r = 0.56, p < 0.05) and in the stems (Sp r = 0.72, p < 0.01; Sf r = 0.91, p < 0.01) (Figs. 4a and b) . In the case of Sp, the d 13 C values of the bulk were lower than those of the cellulose component, by approximately 1‰ (Fig. 4a) . This is consistent with previous reports that the d 13 C of cellulose is always lower than that of ligneous components (Skrzypek et al., 2007a; Akagi et al., 2004) . In the case of Sf, however, the difference between bulk and cellulose components was smaller (Fig. 4b) .
The d 13 C values in the branches were almost always greater than those in stems. This is in good agreement with the observations made by Loader et al. (2007) , who reported that the d 13 C in Sphagnum branches was consistently higher than that in the stem. The difference was fairly systematic in the case of cellulose (3‰ 
Fig. 4. d 13 C correlations between bulk and cellulose (a, b) and between branches and stems (c, d) for Sphagnum palustre (Sp) (a, c) and Sphagnum fimbriatum (Sf) (b, d). Diagonal lines show the 1:1 relationship.
0.72, p = 0.008). This suggests that the growth of branches occurred first, followed by the growth of stems, in which case, the observed correlation between cellulose d
13 C values of branch and stem may be an artifact of the significant number of missing data points (Table 1) . A systematic difference of 1 to 2‰ between cellulose d
13 C values of stems and branches of Sphagnum was also reported by Loader et al. (2007) and Moschen et al. (2009) . This is owing to the much smaller growth rate in the high latitudinal and high altitudinal area studied for Loader et al. (2007) , and the poor time resolution in the 2 cm sections of the peat core examined by Moschen et al. (2009) , rendering the phase-lag insignificant in these cases. 2‰ for Sf), but less systematic in the bulk measurements (1-5‰ for both species). Cellulose, therefore, showed significant correlation between branch and stem (Sp: r = 0.77, p < 0.05; Sf: r = 0.64, p < 0.01), while the bulk relationships were insignificant (Sp: r = 0.34, p = 0.20; Sf: r = 0.39, p = 0.12) (Figs. 4c and d) . It is interesting to note that the temporal variations in d 13 C are out of phase between branch and stem for both species, with the stems tending to exhibit maxima or minima at slightly deeper positions (Fig. 3) . This out-phased relationship may affect the relationship between branch and stem. In fact, a downward shift of two or three centimeters in the branch data made the correlation more significant (with a 2 cm shift in Sp: r = 0.62, p = 0.03; with a 3 cm shift in Sf: r =
Comparison of d
13 C values and local climatic data The d 13 C profiles of the two Sphagnum samples show relatively simple variation, with a broad rise around middle, irrespective of whether the bulk or cellulose component, or the branch or stem was measured (Figs. 3a-d) . The monthly average climatic conditions during the two years before sampling are shown in Figs. 3e-h. From this, it can be seen that only the temperature variation (Fig.  3e) resembles the d 13 C variations, if the sample lengths represent around 12 months. We consider that the observed simple variation of d
13 C values may therefore reflect the temperature variation during a period of one year. The out-phased d 13 C relationship between stem and branch discussed above is also indicative of such rapid growth.
Although the direct effect of temperature on carbon isotope fractionation has been barely addressed, the relationship between carbon assimilation rate and carbon isotope fractionation has been theoretically explained, especially for vascular plants (Farquhar et al., 1982) . In such plants, a greater assimilation rate leads to contrasting partial pressures between intercellular and atmospheric CO 2 , which are separated by stomata; this will eventually increase the carbon isotope ratio of the plants. In the case of Sphagnum, however, which does not have stomata, a water film on the surface of Sphagnum cells play the role of stomata and decreases the diffusivity of CO 2 between the atmosphere and cells (Rice and Giles, 1996; Ménot and Burns, 2001) . In analogy to vascular plants, therefore, an increase in assimilation rate should also alter the CO 2 partial pressure between the atmosphere and cells and results in an increase in the d
13 C values of carbon assimilated by Sphagnum. When high temperature is not associated with low water availability, temperature is likely to be the most influential factor governing the assimilation rate (inferred from Fig. 2 ) and consequently the d
13 C values of assimilated carbon. In summary, a higher growth rate due to higher temperatures weakens the discrimination of 12 C during CO 2 assimilation, resulting in an enrichment of 13 C. A positive correlation between temperature and d 13 C has only been previously reported by Holzkämper et al. (2012) for subarctic Sphagnum, while negative correlations are more widely observed (e.g., Skrzypek et al., 2007b Skrzypek et al., , 2010 . A temperature increase is often accompanied by a decrease in humidity, which has been posited as a possible reason for the observed negative correlation (Skrzypek et al., 2007b) . In the case of subarctic Sphagnum, light may be a limiting factor for growth, and so temperature has not been considered to have a direct effect on the observed positive relationship (Holzkämper et al., 2012) . In the case of the Unzen specimens, which are growing in a temperate climate, water availability usually increases with an increase in temperature, and abundant precipitation occurs during summer in this area (Fig. 3f) . The clear positive correlation of d 13 C with temperature observed in Unzen implies that water availability is not a major limiting factor in the summer.
The stems of Sp exhibited a rather noisy d 13 C rise (Fig.  3b) , which resembles the variation patterns of precipitation, daylight hours or humidity (Figs. 3f-h ), indicating that factors other than temperature may also exert some influence on d 13 C values, by also affecting the assimilation rate of the samples.
Small rises in d 13 C values are seen in the bulk data for branches of Sp towards the bottom (Fig. 3a) , and for stems of Sf towards the top (Fig. 3d) . Considering our inference that the growth of branches precedes that of the stem, the small rise in d 13 C in the branches of Sp toward the bottom (Fig. 3a) may be considered to be due to a high temperature during the previous summer, whereas the absence of a rise in the stem of Sp around the bottom (Fig. 3b) indicates a lower temperature during the growth of the stem. The absence of a corresponding trend for Sf may indicate its shorter time coverage, due to the generally greater growth rate of Sf than of Sp.
Sampling was performed in early March. The small rise in d 13 C in the stem of Sf towards the top (Fig. 3d ) may reflect the temperature during the early spring. The absence of such a rise in the branch at this position (Fig.  3c ) may indicate that the branches grew in the earlier, cooler months. The absence of such a rise near the top of the Sp sample (Fig. 3b) may be due to insubstantial growth during the earlier months (Fig. 2) .
CONCLUSION
The carbon isotope ratios of two individual specimens of Sphagnum collected from a temperate area in Japan showed a smooth increase up to a similar position from the capitula, leading to the following conclusions. 1) Temperature increase is the primary factor driving an increase in growth rate and d
13 C values. Unlike in boreal areas, high temperatures do not necessarily correspond to low water availability in Kyushu, Japan and it is likely that a high temperature directly enhances carbon assimilation rate.
2) d 13 C values of cellulose are higher than those of bulk, and d
13 C values of branches are higher than those of the stem. This difference may be species-specific.
3) The d 13 C variation is out of phase between branch and stem, implying that growth of branches occurs first, followed by that of the stem.
